INTRODUCTION
The soil bacterium Bacillus subtilis tends to be exposed to a high-osmolarity environment in its natural habitats. The osmotic stress sensed by B. subtilis cells triggers syntheses of specific enzymes and transport proteins for production and uptake of osmoprotectants to counteract the osmotic imbalance. Glycine betaine, proline, trehalose and carnitine are well-known osmoprotectants for bacteria, archaea and eukarya (Kempf & Bremer, 1998; Robert et al., 2000; Peluso et al., 2001; Wood et al., 2001; Bremer, 2002; Domínguez-Ferreras et al., 2009; Hoffmann et al., 2013) . In response to osmotic stress, glycine betaine is accumulated in B. subtilis cells either through conversion from the imported precursor choline by enzymes encoded by the gbsAB operon (Boch et al., 1994 (Boch et al., , 1996 (Boch et al., , 1997 or through direct uptake from the environment (Kempf & Bremer, 1995; Kappes et al., 1996) . The precursor choline is acquired from outside B. subtilis cells through two evolutionarily closely related ATP-binding cassette (ABC) transporters, OpuB and OpuC (Kappes et al., 1999) . Pairwise comparisons of the components of the ABC transporters OpuB and OpuC show high degrees of amino acid sequence identity, ranging from 69 % to 85 % (Kappes et al., 1999) . OpuB is specific for choline uptake, whereas OpuC mediates the uptake of a broad range of osmoprotectants, including carnitine (Kappes & Bremer, 1998) , choline (Kappes et al., 1999) , choline sulfate (Nau-Wagner et al., 1999) , ectoine (Jebbar et al., 1997) and glycine betaine (Kappes et al., 1996) .
Expression of the opuB operon and of the opuC operon is upregulated in response to an increase in the external osmolarity (Kappes et al., 1999; Steil et al., 2003; Hahne et al., 2010) . GbsR, a choline-sensing repressor, negatively regulates transcription of the gbsAB operon and the opuB operon, but not that of the opuC operon (Nau-Wagner et al., 2012) . In this study, we have found that the previously unidentified repressor OpcR negatively regulates transcription of the opuC operon and, in the absence of GbsR, also that of the opuB operon. We have also identified a region located further upstream of the promoters of these two operons to be critical for activities of these promoters during normal growth and under osmotic stress.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . The oligonucleotide primers are listed in Table S1 (available in Microbiology Online). Escherichia coli strain DH5a was used as a host for cloning purposes; E. coli strain BL21(DE3) was used as a host for the heterologous production of OpcR from a pET22b-based vector. E. coli and B. subtilis cells were grown in Luria-Bertani (LB) medium, which contained 10 g l 21 tryptone, 5 g l 21 yeast extract and 5 g l 21 NaCl, or in modified M9 minimal medium, which consisted of 0.05 % NaCl, 0.05 % MgSO 4 , 0.1 % NH 4 Cl, 0.0001 % FeSO 4 , 0.0002 % MnSO 4 , 0.002 % CaCl 2 , 0.3 % KH 2 PO 4 , 1.7 % Na 2 HPO 4 ?12H 2 O and 0.4 % glucose. Tryptophan was supplemented at a final concentration of 50 mg ml 21 . Antibiotics were used at the following concentrations (mg ml
21
): ampicillin, 100; chloramphenicol, 5; erythromycin, 1; kanamycin, 10.
Construction of plasmids. To construct plasmids pGS2206 and pGS2253 for the disruption of gbsR and opcR, respectively, DNA fragments were amplified by PCR with primer pairs A485 plus A486 and A547 plus A548, respectively, and then cloned individually between HindIII and BamHI sites of the thermosensitive plasmid pRN5101 (Fedhila et al., 2002) .
To construct plasmid pGS2419 for deletion of the chromosomal gbsR gene and replacement with the kanamycin resistance gene (kan), a DNA fragment containing a region located upstream of the gbsR gene was amplified by PCR using primer A498 plus A471 and digested with BamHI and EcoRI. After cloning of this DNA fragment into plasmid pDG780 (Guérout-Fleury et al., 1995) , the resulting plasmid was cleaved with BamHI and SalI to obtain an about 1.8 kb DNA fragment containing the kan gene. Another DNA fragment containing a region located downstream of the gbsR gene was also amplified by PCR using primer pair A893 plus A894 and digested with SalI and EcoRI. These two DNA fragments were then ligated together into BamHI-and EcoRI-digested plasmid pMAD (Arnaud et al., 2004) .
To construct plasmids pGS2326, pGS2442 and pGS2443, DNA fragments that carry transcriptional fusions of various lengths of the regulatory region of opuB to the thermostable b-galactosidase gene bgaB were amplified by PCR with primer pairs A576 plus A575, A922 plus A575 and A923 plus A575, respectively, cleaved with EcoRI plus BamHI and inserted individually into the integrative promoter probe vector pDL (Yuan & Wong, 1995) . To construct plasmids pGS2244, pGS2399, pGS2414 and pGS2425, DNA fragments that carry transcriptional fusions of various lengths of the regulatory region of opuC to bgaB were amplified by PCR with primer pairs A542 plus A543, A850 plus A543, A693 plus A543 and A695 plus A543, respectively, and then inserted between EcoRI and BamHI sites of pDL.
To construct plasmid pGS2265 for overproduction of His-tagged OpcR in E. coli, a DNA fragment carrying the coding sequence of opcR was amplified by PCR using the primer pair A544 plus A545 and ligated into NdeI-and XhoI-cleaved pET22b (Novagen). To construct plasmid pGS2612 for expressing His-tagged OpcR from the IPTGinducible expression vector pGS1051 (Lin et al., 2012) for complementation analysis in B. subtilis, a DNA fragment carrying an opcR allele encoding His-tagged OpcR was amplified by PCR using plasmid pGS2265 as template and primers T738 plus T739. After digestion with HindIII and KpnI, the DNA fragment was ligated into pGS1051.
The correctness of sequences of PCR-amplified DNA fragments was verified by DNA sequencing.
Construction of disruption mutants of B. subtilis. Disruption of the chromosomal gbsR or opcR gene by integration of pGS2206 or pGS2253, respectively, through a Campbell-like single-crossover recombination was performed as described previously (Fedhila et al., 2002) . The integration plasmid was introduced into B. subtilis cells by the protoplast method (Chang & Cohen, 1979) . The correctness of integrants was verified by PCR.
Construction of deletion and double mutants of B. subtilis.
Construction of the gbsR deletion mutant BM2058, in which the gbsR gene was replaced with the kanamycin resistance gene kan via a two-step gene replacement event, was performed according to the method described previously (Arnaud et al., 2004) . The correct replacement of the chromosomal gbsR sequence was verified by PCR. To construct the gbsR (deletion) opcR (disruption) double mutant BM2068, the pRN5101-derived plasmid pGS2253 was introduced into the gbsR deletion mutant BM2058. Chromosomal integration of pGS2253 through a single-crossover recombination was carried out as described above. The correct integration was verified by PCR.
Construction of strains with a bgaB fusion integrated at the amyE locus. Competent cells of B. subtilis were prepared and transformed by pDL-derived integrative plasmids as described previously (Contente & Dubnau, 1979) . Transformants were selected by growth on chloramphenicol-containing LB agar plates. Correct integrants were screened by the method described previously (O'Kane et al., 1986) .
Overproduction and purification of His-tagged OpcR.
Overproduction of His-tagged OpcR in E. coli and purification by affinity chromatography on a nickel-nitrilotriacetic acid (Ni-NTA) agarose column were carried out exactly as described previously (Huang et al., 2011) .
Electrophoretic mobility shift assays (EMSAs). A DNA fragment spanning positions 2124 to +10 (relative to the translational start site of opuB and containing the inverted repeat) and a DNA fragment spanning positions 286 to +10 (with deletion of the inverted repeat) were amplified by PCR using primer pairs A772 plus A575 and A773 plus A575, respectively. After digestion by BamHI, these two DNA fragments were end-labelled with Klenow enzyme plus [a-32 P]dCTP and used as probes 1 and 2. A DNA fragment spanning positions 2100 to +45 (relative to the translational start site of opuC and containing the inverted repeat) and a DNA fragment spanning positions 263 to +45 (with deletion of the inverted repeat) were amplified by PCR using primer pairs A627 plus A769 and A768 plus A769, respectively, and used as probes 3 and 4. Various amounts of purified His-tagged OpcR were then mixed with the DNA probes in the binding solution (final volume, 30 ml) containing 40 mM Tris/ HCl (pH 7.4), 50 mM KCl, 1 mM EDTA, 1 mM DTT, 0.01 % BSA and 0.1 mg of poly(dI-dC). After incubation at room temperature for 20 min, the mixtures were run on a 6 % native polyacrylamide gel. Bands were visualized by using a Molecular Dynamics PhosphorImager. The phosphorimage was analysed with ImageQuant software.
Other methods. Activity of the thermostable b-galactosidase BgaB was measured as described previously (Schrögel & Allmansberger, 1997) , but with some modifications (Tseng & Shaw, 2008) . Protein concentrations were determined by the bicinchoninic acid protein assay method according to the instructions of the assay kit manufacturer (Pierce Biotechnology) with BSA as the standard.
RESULTS AND DISCUSSION
Differential expression of the opuB operon and the opuC operon in response to choline and salt stress Since B. subtilis cells cannot synthesize choline and choline has to be imported from outside the cells through two ABC transporters, OpuB and OpuC (Kappes et al., 1999) , this prompted us to investigate the effects of exogenous choline on expressions of the opuB operon and the opuC operon in the absence or presence of salt stress. We first constructed a transcriptional fusion of the regulatory region of the opuB operon to the reporter gene bgaB (pGS2326) and a transcriptional fusion of the regulatory region of the opuC operon to bgaB (pGS2244), and then integrated them individually at the amyE locus of WT B. subtilis cells to generate strains BM1908 and BM1858, respectively. It was found that expression of the opuB-bgaB fusion was very low when cells were grown in modified M9 minimal medium as described in Methods (BM1908, Table 2 ). Addition of 1 mM choline or 0.5 M NaCl could induce its expression to a different extent. A synergistic inducing effect was observed when 0.5 M NaCl were added together with 1 mM choline (BM1908, Table 2 ).
It was previously reported that expression of the opuB operon, but not of the opuC operon, was under the negative control of the choline-sensing repressor GbsR (Nau-Wagner et al., 2012) . To examine the effects of choline and high salinity without the influence of GbsR, we constructed a gbsR disruption mutant as described in Methods and integrated the opuB-bgaB fusion at the amyE locus of the gbsR mutant to generate strain BM2061. It was found that expression of the opuB-bgaB fusion in the gbsR mutant was derepressed when compared with that in WT cells (BM2061, Table 2 ). Addition of 0.5 M NaCl could further lead to an osmotic induction of expression of the opuB-bgaB fusion, whereas addition of 1 mM choline alone reduced its expression (BM2061, Table 2 ). In contrast to the synergistic inducing effect observed in WT cells, 1 mM choline added together with 0.5 M NaCl had a strong suppressive effect on the osmotic induction caused by addition of 0.5 M NaCl alone (BM2061, Table 2 ). Since opuB expression is also negatively regulated by the OpcR repressor (see below), we also constructed an opcR disruption mutant as described in Methods and then investigated the effect of choline on opuB-bgaB expression in the opcR mutant (BM1910). The result showed that choline caused an induction pattern in the opcR mutant similar to that observed in WT cells (BM1908, Table 2 ). When the effect of choline on opuB-bgaB expression was examined in the gbsR opcR double mutant (BM2250), it was found that choline exhibited a suppressive effect similar to that observed in the gbsR mutant (BM2061, Table 2 ).
We next examined the effects of choline and high salinity on expression of the opuC-bgaB fusion. It was found that the opuC-bgaB fusion in WT cells exhibited a low expression level (BM1858, Table 2 ). Addition of 0.5 M NaCl could induce its expression, whereas addition of 1 mM choline alone reduced its expression. In contrast to that observed for the opuB-bgaB fusion in WT cells but similar to that observed for the opuB-bgaB fusion in the gbsR mutant, 1 mM choline added together with 0.5 M NaCl had a strong suppressive effect on the osmotic induction caused by addition of 0.5 M NaCl alone (BM1858, Table 2 ). This is similar to a previous report showing that choline, glycine betaine or carnitine could downregulate transcription of the B. subtilis opuA operon, which encodes an ABC transporter for glycine betaine uptake (Hoffmann et al., 2013) . More specifically, they showed that 0.4 M NaCl increased expression of opuA-treA by about 3.5-fold and that 1 mM choline alone or 1 mM choline plus 0.4 M NaCl caused a 2.1-or 12.8-fold *The listed strains are described in Table 1 . DB. subtilis cells were grown in modified M9 minimal medium to an OD 600 of 0.3 and then treated with 1 mM choline, 0.5 M NaCl, 1 mM choline plus 0.5 M NaCl, or left untreated for 3 h before harvesting.
repression of opuA-treA expression during normal growth or under osmotic stress, respectively. We also examined the effect of choline on opuC-bgaB expression in the opcR mutant. The result showed that choline also exhibited a suppressive effect in the opcR mutant (BM1880 , Table 2 ). Collectively, our data indicate that exogenous choline exerts a suppressive effect on opuC expression during normal growth and under osmotic stress. In the absence of GbsR, choline also exerts a suppressive effect on opuB expression during normal growth and under osmotic stress.
Analysis of a putative regulator of the opuC operon
The yvbF gene (now designated opcR), located immediately upstream of the opuC operon of B. subtilis (Fig. 1a) , encodes a putative protein of 185 amino acids with unknown function. OpcR shows 31.2 % overall amino acid sequence identity and 53.6 % similarity with the cholinesensing repressor GbsR (180 aa). Nevertheless, OpcR shows no significant overall similarity to other proteins with known function in the database. A potential helix-turnhelix DNA-binding motif could be identified in OpcR from amino acids 47 to 68 according to the method described previously by Dodd & Egan (1990) . Orthologues of B.
subtilis OpcR are present in B. amyloliquefaciens, B. licheniformis and B. pumilus, but with unknown function.
OpcR is a negative regulator of transcription of the opuC operon
To investigate whether OpcR is a regulator of expression of the opuC operon, we utilized the above-mentioned opuCbgaB fusion integrated at the amyE locus of the WT cells (BM1858) and the opcR mutant (BM1880). Cells were grown in modified M9 minimal medium in the absence or presence of 0.5 M NaCl for various periods of time. It was found that, during the time-course examined, expression of the opuC-bgaB fusion was elevated in the opcR mutant when compared with that in the WT, regardless of the absence or presence of salt stress (Fig. 2a) . The differences seemed to be more apparent in the later time-course. These results suggest that OpcR is a negative regulator of the opuC operon. Since expression of the opuC-bgaB fusion in the opcR mutant was still salt-inducible and disruption of opcR did not significantly affect the fold induction of opuC-bgaB by salt stress, osmotic induction of opuC-bgaB appeared not to be OpcR mediated.
To further confirm the role of OpcR in opuC expression, we performed a genetic complementation analysis. Since Histagged OpcR has been demonstrated to be able to interact with the promoter region of the opuC operon in vitro (see below), we expressed His-tagged OpcR from the IPTGinducible expression plasmid pGS2612 in B. subtilis. The plasmid pGS2612 and the empty expression vector pGS1051 (as a negative control) were separately introduced into the opcR mutant carrying the opuC promoter region-bgaB fusion at the amyE locus. Fig. 2(b) shows that expression of the opuC promoter region-bgaB fusion in the opcR mutant complemented with the His-tagged OpcR-expressing plasmid was significantly lower than that in the opcR mutant Nucleotide positions are numbered relative to the translational start site of opuC (a) or opuB (b). An inverted repeat that serves as the OpcR operator is indicated by an inverted pair of solid arrows above the sequence. The "35 and "10 hexamers of the putative opcR promoter (a) and the putative yvaV promoter (b) are underlined, whereas those of the opuC promoter (a) and the opuB promoter (b) are overlined. The transcriptional initiation site of the opuB operon was mapped previously (Kappes et al., 1999) . A region that is located further upstream of the opuC promoter (a) or the opuB promoter (b) and that is critical for the activities and osmotic regulation of the promoters is shown in boldface and overlined with a dotted line. The translational start sequences are underlined and in boldface. SD, Shine-Dalgarno sequence.
complemented with the empty expression vector, regardless of the absence or presence of osmotic stress. This result supports the notion that OpcR plays a negative role in the control of opuC expression and that the His-tagged OpcR protein is also active in vivo.
OpcR is also a negative regulator of the opuB operon
As mentioned above, expression of the opuB operon but not the opuC operon is under the negative control of GbsR (Nau-Wagner et al., 2012) . To investigate whether OpcR could also regulate expression of the opuB operon, we constructed a gbsR deletion mutant and a gbsR (deletion) opcR (disruption) double mutant. Thus, we could examine the effect of mutation of opcR on opuB expression without the influence of GbsR. We then integrated the aforementioned opuB-bgaB fusion at the amyE locus of the gbsR mutant and the gbsR opcR double mutant to generate strains BM2249 and BM2250, respectively. It was found that expression of the opuB-bgaB fusion was elevated in the gbsR opcR double mutant when compared with that in the gbsR mutant, regardless of the absence or presence of salt stress (Fig. 2c) . These results suggest that OpcR is also a negative regulator of the opuB operon. Since disruption of opcR did not significantly affect the fold induction of opuBbgaB by salt stress, osmotic induction of opuB-bgaB also appeared not to be OpcR mediated.
To assess the relative repressive effects of GbsR and OpcR on expression of the opuB operon, we examined the expression levels of opuB-bgaB in WT cells, the opcR mutant, the gbsR mutant and the gbsR opcR double mutant during normal growth and under osmotic stress. It was found that the effect of disruption of opcR was not evident when GbsR was still functional (Fig. 2d) . However, when GbsR was inactivated, OpcR exhibited a significant repressive effect during normal growth and under osmotic stress (Fig. 2d) .
Interaction of OpcR with an inverted repeat in the promoter region of the opuB operon
Inspection of the nucleotide sequence of the regulatory region of the opuC operon revealed an inverted repeat (TTGTAAA-N 8 -TTTACAA) that overlaps with the 235 hexamer of the s A -dependent promoter of the opuC operon (Fig. 1a) . This inverted repeat sequence with a one-base mismatch is present in the promoter region of the opuB operon and at the corresponding position (Fig. 1b) . To examine whether OpcR could bind to the inverted repeat in the promoter region of the opuB operon in vitro, we constructed plasmid pGS2265, which was able to overproduce His-tagged OpcR in E. coli, and then purified His-tagged OpcR by affinity chromatography on a Ni-NTA agarose column. A DNA fragment containing the inverted repeat and a DNA fragment with deletion of the inverted repeat were labelled with 32 P and used as probes. An EMSA showed that purified His-tagged OpcR could retard the DNA containing the inverted repeat, but could not retard the DNA with deletion of the inverted repeat at the assay concentrations (Fig. 3a) . This result indicates that the inverted repeat is required for OpcR binding.
We also used the unlabelled DNA fragment containing the inverted repeat as the specific competitor DNA and the unlabelled DNA fragment with deletion of the inverted repeat as the non-specific competitor DNA. The 32 Plabelled DNA fragment containing the inverted repeat was used as the probe in an EMSA. It was found that the specific competitor DNA could reduce the formation of the OpcR-DNA complex, whereas the non-specific competitor DNA at the same range of concentrations could not (Fig.  3b) . Taken together, these results indicate that OpcR can bind to the inverted repeat in the promoter region of the opuB operon in a specific manner.
Interaction of OpcR with an inverted repeat in the promoter region of the opuC operon To examine whether OpcR could also bind to the abovementioned inverted repeat in the promoter region of the opuC operon in vitro, a DNA fragment containing the inverted repeat and a DNA fragment with deletion of the inverted repeat were labelled with 32 P and used as probes. An EMSA showed that purified His-tagged OpcR could retard the DNA containing the inverted repeat, but could not retard the DNA with deletion of the inverted repeat at the assay concentrations (Fig. 3c) . This result is similar to that observed for the inverted repeat in the promoter region of the opuB operon, suggesting that this inverted repeat is also required for OpcR binding.
We also tested whether choline, glycine betaine or carnitine could affect the interaction of OpcR with its operator DNA. It was found that at a concentration of 1 mM none of these could inhibit the binding of OpcR (data not shown).
Effect of deletion of yvaV on expression of the opuB or opuC operon
The yvaV gene, located immediately upstream of the opuB operon of B. subtilis (Fig. 1b) , encodes a putative protein of 177 aa with unknown function. YvaV shows 77.8 % overall amino acid sequence identity and 88.1 % similarity with OpcR. To explore the possible role of YvaV in controlling expression of the opuB or opuC operon, we constructed a yvaV deletion mutant and checked the deletion of yvaV by PCR. It was found that expression of the opuC-bgaB fusion was not significantly affected by yvaV deletion, regardless of the absence or presence of salt stress (data not shown).
To avoid the influence of OpcR, we also constructed an opcR (disruption) yvaV (deletion) double mutant in addition to the aforementioned opcR disruption mutant. It was found that expressions of both opuB-bgaB and opuCbgaB were not significantly affected by yvaV deletion in the background of opcR mutation, regardless of the absence or presence of salt stress (data not shown). To avoid the influence of GbsR, we constructed a gbsR (disruption) yvaV (deletion) double mutant in addition to the aforementioned gbsR disruption mutant. It was found that expression of the opuB-bgaB fusion was still not significantly affected by yvaV deletion in the background of gbsR mutation, regardless of the absence or presence of salt stress (data not shown). Taken together, these results suggest that YvaV is not a transcriptional regulator of the opuB operon or the opuC operon.
Deletion analysis of the regulatory region of the opuB operon and the opuC operon To identify cis-element(s) that might be important for expression of the opuB operon or the opuC operon, we made a series of deletion constructs, as shown in Fig. 4 . It was found that deletion of a region at a distance of 88 bp upstream from the 235 hexamer of a s A -dependent promoter of the opuC operon greatly reduced the promoter activity, regardless of the absence or presence of salt stress (Fig. 4a) . Analysis of the effect of partial deletion of the regulatory region of the opuB operon was carried out in the gbsR mutant to avoid the influence of GbsR. It was found that deletion of a corresponding region at a distance of 88 bp upstream from the promoter of the opuB operon also led to a great reduction in the promoter activity of the opuB operon during normal growth and under salt stress (Fig. 4b) . The fold induction of gene expression by salt stress was also reduced after deletion of this region in both operons. These results suggest that expression of both operons is subject to genetic control at a distance during normal growth and under osmotic stress. This is reminiscent of a recent study which found that a region located 180 bp upstream of the promoter of the osmotically regulated yqiH gene is critical for the activity and osmotic regulation of the promoter (Fischer & Bremer, 2012) . It is possible that an osmoinducible trans-acting factor binds to this upstream region to mediate osmotic induction of opuB and opuC. It is also possible that saltsensitive DNA supercoiling within this upstream region affects expression of opuB and opuC. Future studies will clarify the precise mechanism.
Despite the fact that OpcR, OpuB and OpuC are also conserved in some other Bacillus species, the biological role of OpcR remains to be explored. Although OpcR exerts only an about twofold repression on opuC expression, it is possible that, if there was an as-yet unknown inducing condition that could lead to a much stronger induction of expression of opuC than 0.5 M NaCl, then OpcR would contribute to reduce uncontrolled and detrimental oversynthesis of the membrane transporter OpuC. Expression of the opuB operon is subject to dual negative control by GbsR and OpcR. It is relevant to ask what the significance of the difference between the levels of opuB-bgaB expression in the gbsR mutant and in the gbsR opcR double mutant is. One possible explanation is that, under osmotic stress or an as-yet unknown strong inducing condition, an accidental loss-of-function mutation in GbsR would lead to detrimental oversynthesis of the membrane transporter OpuB. Under this situation, the presence of OpcR would significantly alleviate this harmful effect. While GbsR is a choline-responsive repressor, OpcR is definitely not. It seems unnecessary to use two otherwise distinct cholineresponsive repressors to control one gene. Therefore, it is possible that an as-yet unidentified effector may act as an inducer for OpcR.
Concluding remarks
In conclusion, OpcR negatively regulates transcription of the opuC operon and, in the absence of GbsR, also that of the opuB operon. A region located further upstream of the promoters of both operons is critical for the activities and osmotic regulation of the promoters. Osmotic induction of expression of opuB and opuC appears not to be OpcR mediated. OpcR is not a choline-responsive repressor. (a) A DNA fragment spanning positions "124 to +10 (relative to the translational start site of opuB and containing the inverted repeat) was used as probe no. 1 in lanes 1-5. A DNA fragment spanning positions "86 to +10 (with deletion of the inverted repeat) was used as the control probe (probe no. 2) in lanes 6-10. About 0.5 nM 32 P-labelled DNA probe was used in each reaction mixture (final volume, 30 ml). Lanes 1 and 6, DNA probe alone; lanes 2-5 and 7-10, DNA probe plus increasing amounts of purified 40, 80 and 160 ng, respectively) .
(b) The 32 P-labelled probe no. 1 (about 0.5 nM) was used as the probe in lanes 1-10. The unlabelled probe no. 1 was used as the specific competitor DNA in lanes 3-6. The unlabelled probe no. 2 was used as the non-specific competitor DNA in lanes 7-10. Lane 1, the 32 P-labelled probe no. 1 alone; lane 2, the 32 P-labelled probe no. 1 plus OpcR; lanes 3-6 and 7-10, the 32 P-labelled probe no. 1 plus OpcR and increasing amounts of the competitor DNA (10-, 20-, 40-and 80-fold molar excess, respectively). For each reaction mixture in lanes 2-10, 160 ng OpcR was used. (c) A DNA fragment spanning positions "100 to +45 (relative to the translational start site of opuC and containing the inverted repeat) was used as probe no. 3 in lanes 1-5. A DNA fragment spanning positions "63 to +45 (with deletion of the inverted repeat) was used as the control probe (probe no. 4) in lanes 6-10. About 0.5 nM 32 P-labelled DNA probe was used in each reaction mixture (final volume, 30 ml). Lanes 1 and 6, DNA probe alone; lanes 2-5 and 7-10, DNA probe plus increasing amounts of purified Histagged OpcR (20, 40, 80 and 160 ng, respectively) . 
